The development, maintenance, and destruction of cartilage are regulated by mechanical factors throughout life. Mechanical cues in the cartilage fetal endoskeleton influence the expression of genes that guide the processes of growth, vascular invasion, and ossification. Intermittent fluid pressure maintains the cartilage phenotype whereas mild tension (or shear) promotes growth and ossification. The articular cartilage thickness is determined by the position at which the subchondral growth front stabilizes. In mature joints, cartilage is thickest and healthiest where the contact pressure and cartilage fluid pressure are greatest. The depth-dependent histomorphology reflects the local fluid pressure, tensile strain, and fluid exudation. Osteoarthritis represents the final demise and loss of cartilage in the skeletal elements. The initiation and progression of osteoarthritis can follow many pathways and can be promoted by mechanical factors including: (1) reduced loading, which activates the subchondral growth front by reducing fluid pressure; (2) blunt impact, causing microdamage and activation of the subchondral growth front by local shear stress; (3) mechanical abnormalities that increase wear at the articulating surface; and (4) other mechanically related factors. Research should be directed at integrating our mechanical understanding of osteoarthritis pathogenesis and progression within the framework of cellular and molecular events throughout ontogeny.
Articular cartilage destruction is the hallmark of osteoarthritis (OA). This age-related syndrome eventually affects every individual who survives into his or her senior years, to varying degrees. Efforts to delay the onset or slow the progression of OA will benefit from understanding the fundamental nature of the interplay between mechanical and biologic factors in cartilage biology.
Cartilage in the appendicular skeleton appears in the fifth fetal week, with the chondrification of the femur. The differentiation and organization of the tissues then proceed rapidly, and the first involuntary muscle contractions are evident at approximately 7 weeks. Fetal muscle forces and associated skeletal movements are critical for the development of joints and also for guiding perichondral and endochondral ossification processes. The forces create spatial-varying and time-varying patterns of stresses (force intensities) and strains (local deformations) throughout the cartilage rudiments. These local cues influence the biology of the cells and the developing tissues. 12, 13, 15 Research in the past decade has identified an increasingly large number of genes whose expression is influenced by the local mechanical environment. 22, 51 Families of genes that have been shown to have mechanosensitive members include extracellular matrix (ECM) proteins (collagens, proteoglycans, tenacins, COMP); growth proteins regulating the cell cycle (cyclins, Cdks); cytokines (IL-1, 4, 6); growth factors (TGF-␤s, BMPs, Ihh), matrix metalloproteinases (MMPs); and angiogenic and antiangiogenic factors (VEGFs, CTGF, angiopoetin2, METH-1, endostatin). 22, 51 The list continues to grow. One way to study the mechanical regulation of skeletal tissues is at the molecular level. This most often is accomplished experimentally using specific loading conditions on cells or tissues to investigate molecular mechanisms. Another approach at the tissue level involves the use of computer models that calculate stress and strain distributions. These models have been extremely useful in developing a conceptual basis for understanding development, degeneration, and regeneration. These two approachesexperimental cell biology and tissue level computer modeling-must be consistent in describing the same fundamental processes.
The purpose of this paper is to present a research perspective on OA that considers the full ontogeny of diarthrodial joints. Joint development, maintenance, and degeneration are regulated by mechanical factors introduced by loading and motion. It is our premise that the syndrome of OA can occur through many different pathways, but all pathways involve the interaction of mechanical and biologic factors. Future advances in OA research will be possible if research is conducted within an ontogenetic framework that recognizes and interprets the interactions of mechanics and biology on the organ, tissue, cell, and molecular level.
Morphogenesis of Articular Cartilage
Endochondral ossification is a fundamental process by which the cartilage endoskeleton grows and ossifies during development. It involves the stages of cell proliferation, maturation (ECM production), cell hypertrophy, ECM calcification, vascular invasion, resorption of the calcified cartilage, and bone deposition. Ossification therefore is always preceded by growth. One of the most fruitful areas of modeling in cartilage mechanobiology has involved the use of linear elastic finite element models to study the role of intermittent tissue stresses and strains on endochondral growth and ossification. With linear elastic material models, the cyclic stresses can be summarized in terms of two stress invariants: 1) the hydrostatic stress, and 2) the octahedral shear stress (which causes tensile strain in some direction) (Fig 1) .
From a purely mechanical perspective, cartilage tissue can tolerate hydrostatic compressive stresses extremely well because the incompressible fluid, rather that the fibrous matrix, supports the loading. However, high levels of shear or tensile strains in cartilage will cause a mechanical failure of the fibrous matrix.
From a mechanobiologic perspective, the results of numerous computational simulations support the view that under most physiologic loading conditions cartilage growth, and ossification is inhibited by the application of local intermittent hydrostatic compressive stress and accelerated by nondestructive intermittent octahedral shear stress. 10, [12] [13] [14] [15] Octahedral shear stress always causes tensile strain in some direction. Therefore, growth and ossification are accelerated by mild tensile strain, and cartilage tends to be maintained by hydrostatic compressive stress. The theoretical findings of computational studies now are gaining support from cell and tissue culture experiments. Wu et al 54 showed that tensile strain of chondrocytes increases cell proliferation, maturation, and hypertrophy while up-regulating collagen X, which is a marker for impending ossification. Intermittent hydrostatic pressure has been shown to up-regulate aggrecan and collagen II, while inhibiting proinflammatory mediators in chondrocytes. 33, 45 Experiments addressing chondrometaplasia in tendons that wrap around a bony prominence indicate that local pressures up-regulate endostatin, which is an antiangiogenic factor, 39 and down-regulate VEGF. 38 The local pressures also promote the up-regulation of aggrecan and collagen II in these tendon sites. 41 In recent in vitro tests of chondrocytes embedded in alginate gels, it was found that cyclic hydrostatic pressure decreased the mRNA levels of MMP-13 and collagen I while TIMP-1 was up-regulated. 52 Cyclic tension, however, led to an up-regulation of CTGF, MMP-13, and collagen X while down-regulating TIMP-1. Although not definitive, these results support the hypothesis that hydrostatic pressure has a chondroprotective effect and that tension (or shear) encourages growth and ossification by promoting matrix degradation and vascular invasion. 52 The combined influences of hydrostatic pressure to maintain the mature cartilage phenotype and of shear (or tension) to accelerate endochondral ossification can be mathematically represented by the osteogenic index. 15 By applying a series of loading conditions in computer models to simulate the in vivo loading history, the distribution of osteogenic index can be calculated and displayed as contour plots. These plots then can be used to infer the distribution of ossification centers, and give some indication of the geometric advance of ossification around these centers when they form.
The basic ossification characteristics of secondary centers near a diarthrodial joint can be illustrated using the osteogenic index approach described (Fig 2) . The results of the analyses predict the appearance of secondary ossification centers at the end of the rudiments on both sides of the joint. 15 In the rudiment with a concave joint surface, the secondary center is predicted to appear closer to the surface than in the rudiment with a convex surface. When the material properties of the models are changed to represent the appearance of the secondary ossification centers, subsequent analyses predict that the bone epiphysis in the convex rudiment will assume a spherical shape while the bone epiphysis in the concave rudiment will take on a flatter disclike shape. This general finding predicted by the model is evident in a wide variety of joints throughout the body.
The articular cartilage is established as the subchondral growth front approaches the articulating surface of the joint. The speed of the cartilage growth front slows as it approaches the joint surface and encounters progressively higher hydrostatic pressure. Eventually this ossification front stabilizes, thereby defining the thickness of the articular cartilage. The remaining cartilage at the bone end progressively matures into the articular cartilage that characterizes the articulating joint surface. Directly under the articular cartilage is a recognizable tidemark that demarcates a rapid transition to calcified cartilage and the underlying subchondral bone. Because of abrupt changes in tissue mechanical properties at the cartilage-bone interface, joint loading always creates shear stresses in the area of that interface. The location at which the subchondral growth front is stabilized is influenced by the relative magnitudes of the hydrostatic pressures and shear stresses in the deep cartilage zone near the tidemark. 2 Increasing the functional loading of healthy joints by moderate exercise causes an increase in articular cartilage thickness, proteoglycan content, and mechanical stiffness of the tissue. 23, 24, 42 On the other hand, joint immobilization in animal models has been shown to cause an activation of the subchondral growth front that leads to cartilage vascular invasion, thinning, and loss of proteoglycan. 36, 37, 46 Decreased joint loading in human subjects as a result of spinal cord injury causes a decrease in cartilage thickness, 50 presumably because of the advance of the subchondral growth front.
Articular Cartilage Mechanics and Biology
The linear elastic model of articular cartilage with sweeping, time-varying loads does not capture any of the fluid flow and matrix consolidation that may occur at the articular cartilage surface. Although a consideration of flow is not necessary to understand endochondral growth and ossification inside the rudiment and young bone, 9,14 fluid flow and matrix consolidation at the joint surface is crucial in understanding joint lubrication and the mechanobiology of chondrocytes near the articular surface.
14,28,31,32,34 Poroelastic or biphasic models particularly are good for addressing this aspect of cartilage mechanobiology.
Investigators have done magnetic resonance imaging (MRI) of articular cartilage before and after various activities to assess how much fluid exudation and matrix consolidation occurs in vivo. Eckstein et al 16, 17 found that young adult patellofemoral cartilage layers with a thickness of over 5 mm showed a decrease in total thickness of about 5% after severe exercise. Measurements made under various other exercise conditions prompted them to suggest that ". . . in vivo, only relatively few cycles may be necessary for the cartilage to reach a plateau-like deformation state, and that additional cycles cause no further deformation of the tissue." 16 Although the total consolidation of articular cartilage thickness may be approximately 5% in vivo, the amount of consolidation is not constant throughout. Because the fluid primarily is exuded from the surface layer, the distribution of consolidation strains through the cartilage thickness is highly nonuniform (Fig 3) . Tissue consolidation results in compressive strains of over 50% in the superficial cartilage zone, but these strains reduce to near zero in the middle and deep regions of cartilage. 51 The linearly elastic model predicts almost no compressive strain through the cartilage thickness because it has the implicit assumption of no fluid flow.
The fluid exuded in vivo gets trapped between the two articulating cartilage surfaces and maintains a high pressure level, thereby preventing the generation of high stresses and friction between the solid matrix elements of the two articulating cartilage surfaces. This pressurization has been shown in computer simulations 28, 47 and has been verified experimentally. 47, 48 As articular cartilage matures under the influence of functional loading, the morphologic, biochemical, and me- 
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chanical characteristics of the tissue are established. Fetal cartilage displays flattened cell morphology along the articulating surface, but the remaining epiphysis is characterized by a homogeneous ECM in which rounded chondrocytes are dispersed. As the joint pressures increase during postnatal activity, the stratified appearance becomes clear. Chondrocytes of the middle and deep radial zones, which primarily are loaded under hydrostatic pressure and experience little strain or fluid flow, synthesize and maintain high amounts of glycosaminoglycans, uronic acid, and Type II collagen. 8, 19, 29, 40, 53 In contrast, the flattened superficial zone cells that are subjected to fluid flow and matrix consolidation in addition to hydrostatic pressure, synthesize and maintain proportionally higher amounts of collagen relative to proteoglycans, and Type I collagen may be synthesized in addition to Type II collagen. 26, 35, 43, 49 The superficial zone cells of adult animals, but not fetal animals, synthesize a superficial zone protein, which appears to have important lubricating properties. 18, 44 The variations in histomorphology lead to depthdependent variations in mechanical properties. The tensile modulus of the superficial zone is twice as much as the deep zone, while the matrix compressive modulus is about 1 ⁄3 of that in the deep zone. 25 These findings, and the other in vitro research described, suggests that mechanobiologic and mechanical principals for poroelastic or biphasic models of articular cartilage can be expressed as: (1) matrix consolidation, attributable to fluid exudation in the superficial zone, decreases cartilage proteoglycan content and results in a more fibrous phenotype; (2) intermittent hydrostatic fluid pressure inhibits cartilage degradation, angiogenesis, and ossification, while enhancing the extracellular matrix; (3) intermittent, mild tensile strain (or shear stress) increases cartilage cell division and ECM production, but eventually leads to apoptosis, calcified matrix degradation, vascular invasion, and ossification; and (4) excessive tensile strain (or shear stress) mechanically damages the cartilage fiber network, leading to increased wear and fibrillation, in addition to the biologically evoked degradation. 
Clinical Orthopaedics and Related Research
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Pathogenesis of Osteoarthritis
Idiopathic Osteoarthritis and Endochondral Ossification Articular cartilage can be considered an arrested growth front. Physiologic joint loading during development results in functional adaptation that increases the resistance of the cartilage and is beneficial to the overall health of the tissue. The areas of enriched proteoglycan content are logically the areas that are most resistant to the degenerative changes that beset a joint during OA. However, the subchondral growth front never completely is stabilized and, in fact, advances very slowly with increasing age. This advance and the associated cartilage destruction proceed faster in areas where the cartilage hydrostatic pressure is low, generally at the margins of joint surfaces. 4, 5, 20, 21 A systematic examination of joints that commonly develop arthritis in patients without arthritis clearly shows that the best-preserved articular cartilage is found in areas of high load bearing and contact. 4 These highly loaded areas include the superior portion of the femoral head in the hip joint (Fig 4) , the tibial plateau underneath the menisci in the knee, and the humeroulnar joint in the elbow. In contrast, sites that encounter little or sporadic joint contact and pressure already show signs of fibrillation in the teenage years and by middle age are almost universally degenerated. These low load-bearing areas include the inferior portion of the femoral head below the fovea (Fig 4) , the peripheral cartilage in the anterior aspect of the femoral head, the rim of the radial head of the elbow, and the lateral portion of the tibial plateau that is not covered by the meniscus of the knee. 5, 6, 20, 21 Although cartilage destruction is initiated in areas of little or no contact as a result of normal aging, the destruction can proceed gradually into the more heavily loaded areas. Once this occurs, the contact forces and motion at these sites can increase frictional shear stress that accelerates cartilage softening, fibrillation, and thinning as a result of wear. It also has been suggested that aging may be associated with joint laxity, which can shift the load bearing to infrequently loaded areas ill conditioned for the altered loading state, leading to mechanical damage and cartilage loss. 1 The wear process is responsible for the dramatic loss of cartilage and the appearance of eburnated bone in the areas of high joint loading that is seen in late stage OA.
As articular cartilage is destroyed, pluripotent cells from the subchondral marrow spaces are exposed. These cells normally will differentiate to form bone. In highly loaded joint areas, however, the cyclic pressure created during movement causes differentiation to be shunted down a chondrogenic pathway, producing new cartilage. 11, 27 The net result is an increase in cartilage catabolism and synthesis. At the joint margins, however, endochondral ossification and bone formation proceed unabated by hydrostatic pressure, and osteophytes appear. 10 The observations that idiopathic degeneration begins in underused areas contradict two commonly held assumptions of OA: that OA is a disease that begins in old age; and that it is a disease of simple wear and tear. There are many mechanical factors that can perturb the normal mechanobiology or cause damage to the cartilage, thereby contributing to the cartilage destruction and ossification that is characteristic of all osteoarthritic joints. Fundamental mechanical perturbations that accelerate joint destruction include joint immobilization, blunt impact to joints, alterations in joint kinematics, and other mechanicalrelated, age-related, and genetics-related abnormalities.
Joint Immobilization
Immobilization, or other means of decreasing joint loading, effectively removes the cyclic hydrostatic pressure that is critical in maintaining the cartilage. The subchon- 
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dral growth front is activated and there is a vascular invasion into the cartilage, leading to a thinning, softening, and a decrease in proteoglycan content. 36, 37, 46 If loading is not reinstated, the growth front will advance to the joint surface, causing total cartilage destruction and bony fusion. The reduced loads also cause a reduction in subchondral bone density as a result of the bone's mechanobiologic response to reduced loading.
Blunt Impact to Joints
Joint impact loading tends to introduce damage to the bone-cartilage interface as a result of the high shear stresses that are imposed in that area. This also can activate the subchondral growth front, even though high pressures exist in the cartilage. 7, 10 Cartilage degradation begins and then can be accelerated by wear and fibrillation at the articular surface. The high joint loads associated with repeated impacts will cause a concomitant increase in subchondral bone density as the bone responds to higher tissue stresses. Impact loading also can create tensile stresses in the cartilage ECM that cause weakening of the collagen interfibril connections, making the matrix more susceptible to fibrillation and wear. 30 
Alterations in Joint Kinematics
The mature cartilage has a location-dependent histomorphology that is developed in response to its specific loading history. Andriacchi et al 1 observed that ligament injury or chronic laxity changes with aging can change the position of the contact surfaces to infrequently loaded areas. They also reported that increased cartilage thickness in subjects with healthy knees correlated with increased loading during walking. In subjects with degenerative changes, however, high loading was associated with reduced cartilage thickness (Fig 5) . They concluded that the initiation of the degenerative changes was not directly because of the high contact pressures, but rather was associated with alterations in joint kinematics. Shifting the normal loadbearing regions of the cartilage to infrequently loaded regions caused mechanical damage to that cartilage, resulting in an increased coefficient of friction. The progressive increase in coefficient of friction then led to rapid disease progression in the highly loaded areas.
Other Mechanical-Related, Age-Related, and Genetics-Related Abnormalities Cartilage can be destroyed basically by two mechanisms:
(1) advance of the subchondral growth front; and (2) destruction of the tissue as a result of an imbalance among mechanical damage, synthesis, and degradation. These two processes may occur in succession or simultaneously during the initiation and progression of the disease. Consequently, many clinical situations that can lead to OA have a biomechanical and/or mechanobiologic basis. Alterations of cell and ECM biology with aging or genetic factors may contribute to a shift in the balance of synthesis and degradation, resulting in a greater propensity for endochondral ossification to proceed. Biologic and genetic factors also may cause a mechanical vulnerability of the cartilage to damage and wear. Strenuous exercise can lead to the formation of cartilage lesions, 3 increasing the susceptibility to wear damage and, possibly, to catabolic processes. Osteochondral fractures dramatically disrupt the subchondral growth front, triggering its advance while simultaneously increasing surface wear as a result of surface incongruity. Congenital or acquired deformities, abnormal loading, obesity, and other situations may be clinically identifiable features that precipitate mechanically related cartilage destruction.
DISCUSSION
The perspective that is presented here is a highly simplified one that briskly runs through many statements and arguments that can be challenged. Because of the brevity of this paper, many assumptions and shortcomings of the previous research were not addressed. Areas of possible disagreement would include our premise that OA is not a specific disease but is, in fact, linked to many of the mechanobiologic processes that regulate cartilage biology and endochondral ossification throughout life. There is also some controversy regarding the appropriate use of various engineering material models of cartilage. Additional disagreements may center on the appropriate ex vivo experimental methods that have been used to study cartilage and chondrocyte biology. More generally, there are differences of interpretation regarding the results of the many theoretical, computational, biologic, and clinical studies that have been reported in the literature. More research is needed that will support, modify, supplement, and change the ideas that we have expressed.
We have attempted to lay a foundation for understanding the role of mechanics and biology in the development and destruction of articular cartilage. The "womb-totomb" story of cartilage presented has at least shown that one can view OA in a broad way to observe that there are many different pathways that can lead to the demise of a joint. In addition to viewing OA as an ontogenetic process, we also have tried to emphasize the richness of understanding that can be gained from viewing joint biology concurrently on the level of organs, tissues, cells, and molecules. Our understanding must be consistent throughout all of these levels of organization. Research into cellular and molecular mechanisms viewed in such a framework may lead to effective pharmaceutical approaches to prevent and treat joint destruction. Additionally, this framework may provide a rational basis for implementing specific changes in the mechanical loading of joints to influence the pathogenesis and progression of OA.
